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Available online 22 August 2006The heterogeneous deformation of annealed copper subjected to one equal channel angular pressing pass was studied by scanning
electron microscopy. Distinctly inhomogeneous deformation of prior annealing twins by interpenetrating slip bands was observed,
and some twin-matrix interfaces displayed stair-like offsets. The intense local deformation within the annealing twins exhibits char-
acteristics of dislocation slip and not deformation twinning.
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Keywords: Equal channel angular pressing; Copper; Twin-matrix interface; MicrotextureEqual channel angular pressing (ECAP) is an attrac-
tive severe plastic deformation process for producing
bulk material with ultra-fine or nanocrystalline micro-
structures [1–4]. In this process a billet experiences in-
tense local shearing as it passes through the die
channel intersection. Because the cross-sectional area
does not change, a billet may be subjected to multiple
passes and thus experience large cumulative strains. A
majority of the literature on ECAP focuses on under-
standing microstructure–texture–property relationships
for a wide variety of materials after such large strains.
However, the various mechanisms of microstructure
and texture evolution remain to be fully clarified and
their interpretation after multiple passes has been com-
plicated by the availability of various processing routes
(e.g., A, BC, C [4]).
A more complete understanding of the microstruc-
ture and texture after the first ECAP pass will establish
a basis for interpretation of evolution at larger strains.
Prior investigation has shown that deformation is inho-
mogeneous in copper after one ECAP pass, with the1359-6462/$ - see front matter Published by Elsevier Ltd. on behalf of Acta
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undeformed, equiaxed grains across the flow plane of
the as-pressed billet [5]. Also, transmission electron
microscopy results have been interpreted in terms of
deformation twinning in addition to slip during the
initial ECAP pass (shear strain of 2.0) on annealed,
coarse-grained pure copper processed at room tempera-
ture and low strain rate [6], which is contrary to behav-
ior expected for deformation of copper under similar
conditions. Here, the deformation of copper subjected
to one ECAP pass has been examined at a meso-scale
by orientation imaging microscopy (OIM). Particular
emphasis has been given to inhomogeneous deformation
of prior annealing twins as a means for understanding
the characteristics of the deformation microstructure
and microtexture.
Copper of commercial purity (99.95%) was obtained
in the form of a rectangular billet having dimensions
of approximately 8 · 8 · 50 mm3. The billet was an-
nealed at 600 C for 2 h to obtain a microstructure
consisting of grains 100 lm in size with annealing
twins having straight, undistorted boundaries. The an-
nealed billet was subjected to a single ECAP pass
through a 90 die having 8 · 8 mm2 die entrance and exit
channels and no relief angles at the outer and inner
corners of the die channel intersection. Pressing was
conducted at room temperature using a punch speedMaterialia Inc.
Figure 2. SEI image of copper after passing through the die channel
intersection, showing elongated grains and distorted twins. A inter-
secting set of slip bands have distorted the twin at M while a single set
of slip bands have distorted the twin at N in (a). The slip bands and
distortion of the annealing twin at N are shown in greater detail in (b).
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passed through the die channel intersection the pressing
operation was stopped. The die set was disassembled
and the sample, in the shape of a 90 elbow and com-
prising material prior to and after passage through the
plane of the die channel intersection, was removed. A
schematic illustration of the partially pressed billet and
the corresponding coordinate axis system are provided
in Figure 1. The sample was sectioned into halves along
the flow (x–y)-plane and the resulting surface was metal-
lographically prepared by standard methods concluding
with electropolishing for 20 s using a solution of
80%H3PO4 + 20%H2O (by volume) at an applied volt-
age of 20 V in a Buehler Electromet 4 apparatus. OIM
was conducted on the flow plane of the as-polished sam-
ple in a TOPCON S-510 scanning electron microscope
(SEM) operating at 20 kV with a tungsten filament;
details of the analysis procedures have been provided
elsewhere [7]. Because an ECAP billet has monoclinic
symmetry the senses of the coordinate axes in the flow
plane were carefully ascertained. After OIM analysis,
the sample was electro-etched at 2 V for 5 s for micro-
structure analysis by methods including secondary elec-
tron imaging (SEI) in SEM.
Figure 2(a) shows elongated grains, slip bands and
distorted annealing twins in material that has passed
through the die channel intersection. A representative
example of a twin distorted by two sets of slip bands
is marked at M in the figure. A higher magnification
image of the twin at N in Figure 2(a), which has been
distorted by a single set of slip bands, is shown in Figure
2(b). A more detailed examination of the interaction be-
tween the elongated grain matrix and the distorted
annealing twin at N was performed by OIM and the
results summarized in Figure 3. The inverse pole figure
(IPF) map shows this twin as the feature extending from
upper left to lower right in Figure 3(a) and cell struc-
tures in both the twin and matrix, as indicated by color
variation throughout both regions. Boundaries of >15
are indicated by the black lines in this IPF map and
the 60 boundaries along the linear traverse P–P 0 dem-
onstrate that this feature is a first-order twin. The matrix
displays few high angle interfaces. The twin displays two
distinct types of regions. One type has experienced smal-
ler deformations and contains few high-angle bound-
aries; this is apparent along the middle portion of the
traverse P–P
0
. The other type reflects the inhomogeneous
deformation of the twin by a series of slip bands num-Figure 1. A schematic of the partially pressed sample for a 90 ECAP
die, showing the shearing of a volume element abcd into a1b1c1d1.bered 1–6 in Figure 3(a) that result in stair-like offsets
of the twin-matrix interface; high-angle boundaries are
evident within these latter regions. The blue color in
the microtexture analysis illustrated in the color-coded
grain map and 111 pole figure in Figure 3(b) shows that
the matrix lattice has rotated to one variant of the inter-
section between the A and B shear texture fibers (i.e., an
orientation given by {111}h110i, where the notation
refers to {plane parallel to the shear plane of the ECAP
die}hdirection parallel to the shear direction of the
ECAP diei) [8]. The lattice orientation in the slip bands
within the twin is near the symmetric variant of the A
and B fiber intersection observed in the matrix and is
highlighted in green. The less deformed regions of the
twin appear to have a lattice orientation in between
these symmetric variants and this orientation is indi-
cated by red2 in Figure 3(b).
The distortion of a prior annealing twin reflects the
underlying deformation mechanisms occurring during
the initial ECAP pass for copper. The displacements
of the twin-matrix interface in Figure 3 enable the esti-
mation of the local shear strains accompanying the off-
sets produced by the inhomogeneous deformation. The
calculation is illustrated in Figure 4 where the displace-
ment angles ci are measured and shear strain calculated
as tan(ci); it is assumed here that the shear displace-
ments are approximately aligned with the shear direc-
tion of the die and thus lie in the flow plane. The
computed strain values are given in Table 1 and range
from 1.0 to 2.7. A shear strain of 2.0 was imposed dur-
ing the ECAP pass and, so, these varying values of the2For interpretation of the references in color in Figure 3, the reader is
referred to the web version of this article.
Figure 3. (a) IPF image of the twin marked at N (Fig. 2(a)) and a disorientation profile along the traverse P–P
0
showing a 60 lattice reorientation
from the matrix into the twin; high-angle boundaries (>15; the black lines) surround elongated and equiaxed structures in the distorted portions of
the twins. (b) Color highlighting of the texture components illustrates the spatial distribution of lattice orientations; the matrix orientation
corresponds to the intersection of the A and B shear texture fibers while the symmetric variant of this orientation appears to be evolving in the
distorted regions within the twin. The remaining regions of the twin have an orientation in between these variants.
Figure 4. Schematic of the distorted twin. The offset angles (c1,c2, . . ..)
allow calculation of local shears due to distortion of the twin.
Table 1. Shear strains (= tan (c)) for offsets indicated in Figure 3(a);
the calculation follows the schematic in Figure 4
No. (Fig. 3a) 1 2 3 4 5 6
c, () 45 48 58 52 70 58
tan(c) 1.0 1.1 1.6 1.3 2.7 1.6
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of the deformation. Furthermore, these strain values
are indicative of deformation by slip processes rather
than by deformation twinning, which would be expected
to produce shear strains of about 0.707 in an face-cen-
tered cubic metal [9]. The role of slip is also evident from
the development of slip-induced shear components in
the texture (see Figs. 3(b) and 4). The lattice in the
sheared regions of the twin may be rotating towards
the symmetric variant of the A and B fiber intersection
observed in the matrix and, on continued straining,
the twin would be consumed by such slip processes
accompanied by the formation of high-angle interfaces.
The foregoing observations were made within a single
deformed grain; similar, large variations in strain within
grains have been documented in plane-strain compres-
sion of aluminum [10] and among groups of grains in
rolling of nickel [11].
In summary, OIM maps were used to calculate local
shear strains from impingement of slip bands on a twin-matrix interface in copper subjected to an initial ECAP
pass and the values range from 1.0 to 2.7. The large local
strains lead to formation of high-angle interfaces within
the distorted twin. After deformation, lattice orienta-
tions in the matrix and the twin were the symmetric vari-
ants of the intersection of the A and B shear texture
fibers. Altogether, the foregoing results of meso-scale
examination of annealed copper subjected to an initial
ECAP pass are consistent with deformation by slip in
the absence of deformation twinning.
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